Tungsten diselenide (WSe 2 ), a semiconducting transition metal dichalcogenide (TMDC), shows great potential as active material in optoelectronic devices due to its ambipolarity and direct bandgap in its single-layer form. Recently, different groups have exploited the ambipolarity of WSe 2 to realize electrically tunable PN junctions, demonstrating its potential for digital electronics and solar cell applications. In this Letter, we focus on the different photocurrent
generation mechanisms in a double-gated WSe 2 device by measuring the photocurrent (and photovoltage) as the local gate voltages are varied independently in combination with above-and below-bandgap illumination. This enables us to distinguish between two main photocurrent generation mechanisms: the photovoltaic and photothermoelectric effect. We find that the dominant mechanism depends on the defined gate configuration. In the PN and NP configurations, photocurrent is mainly generated by the photovoltaic effect and the device displays a maximum responsivity of 0.70 mA/W at 532 nm illumination and rise and fall times close to 10 ms. Photocurrent generated by the photothermoelectric effect emerges in the PP configuration and is a factor of two larger than the current generated by the photovoltaic effect (in PN and NP configurations). This demonstrates that the photothermoelectric effect can play a significant role in devices based on WSe 2 where a region of strong optical absorption, caused by e.g. an asymmetry in flake thickness or optical absorption of the electrodes, generates a sizeable thermal gradient upon illumination.
MAIN TEXT
Two-dimensional (2D) semiconductors have recently emerged as promising candidates for next-generation electronic devices due to their strength 1 , flexibility 1,2 and transparency 3, 4 .
These materials are particularly interesting for optoelectronics due to their direct-bandgap in single-layer form. 3 As such, 2D semiconductors could form the basis for flexible and transparent optoelectronic devices such as solar cells, LEDs, and photodetectors. However, most 2D
semiconductors such as molybdenum disulfide (MoS 2 ) exhibit predominantly unipolar behavior [5] [6] [7] [8] while an ambipolar material is required to create a PN junction, the main element of many optoelectronic devices. Tungsten diselenide (WSe 2 ), a semiconducting transition metal dichalcogenide (TMDC), has shown ambipolar performance when used as channel material for field-effect transistors (FETs). 9 Recently, electrostatically defined PN junctions in monolayer WSe 2 have been fabricated, demonstrating their potential for optoelectronic devices. [10] [11] [12] In these devices, a pair of local gates is used to control the carrier type and density in the WSe 2 flake.
Applying opposite local gate voltages results in the formation of a PN junction in the channel, generating a built-in electrical potential. Under illumination, the resulting electric field can separate photoexcited carriers. Therefore, the photocurrent generation in these devices is expected to be mainly photovoltaic. On the other hand, 2D semiconductors are also expected to
show a large thermopower [13] [14] [15] which may yield a zero-bias photocurrent, even under belowbandgap illumination, due to the photothermoelectric effect as observed in MoS 2 . 16 Photocurrent generated by the photothermoelectric effect can arise when e.g. an asymmetry in flake thickness or optical absorption of the electrodes gives rise to a sizeable thermal gradient. The emergence of the photothermoelectric effect, its coexistence with the photovoltaic effect and their relative magnitudes have not yet been studied in double-gated WSe 2 devices.
In this Letter, we fabricate a double-gated WSe 2 device with a hexagonal boron nitride (h-BN) gate dielectric and characterize the device in dark and under illumination. The gate-defined PN junction displays a cut-off wavelength of 770 ± 35 nm and measure rise and fall times close to 10 ms. Measurements of the photocurrent (and photovoltage) under above-and below-bandgap illumination show that the photocurrent generation is dominated by either the photovoltaic or the photothermoelectric effect, depending on the defined gate configuration. When the device is operated in the PN or NP configuration, the photocurrent is mostly generated by the photovoltaic effect, in agreement with previously reported results on electrostatically defined WSe 2 PN junctions. When the gates are biased in the PP configuration, we find that photocurrent is mainly generated by the photothermoelectric effect. Interestingly, in our device geometry the photothermoelectric current (in PP configuration) is more than twice as large as the current generated by the photovoltaic effect (in PN/NP configuration).
Device fabrication starts by patterning a pair of local gates (Ti/AuPd, 5 nm/25 nm). Next, we transfer a thin (10 nm) hexagonal boron nitride (h-BN) flake on top of the local gates to function as gate dielectric, exploiting its atomically flat surface, charge traps-free interface and large dielectric breakdown electric field. 12,17 Subsequently, we transfer a single-layer WSe 2 flake onto h-BN. Both transfer steps are performed via a recently developed deterministic dry-transfer method. 18 Contact to the flake is made by patterning four leads (Cr/Au, 0.3 nm/60 nm). Figure 1a shows a schematic cross section of the device, indicating the different components. The two inner leads (labeled as 2,3) define a channel which consists only of single-layer WSe 2 , whereas the outer leads (labeled as 1,4) define a channel consisting of multilayered and single-layer WSe 2 . In the following electrical measurements, the current flow is measured in two-terminal configuration (between leads 4 and 1, grounded) unless otherwise specified. Figure 1b shows an optical micrograph of the final device where the materials, leads and gates are labeled for clarity.
The fabrication steps and characterization of the exfoliated flakes are shown in more detail in Figure S1 and Figure The double-gated WSe 2 device is measured in dark and in vacuum in an FET configuration, i.e., the local gates are linked and the voltages are varied simultaneously (acting as a single back-gate V g ). In Figure 1c the measured source-drain current (I ds ) is shown as V g is varied from -6 V to 6 V, while applying a fixed source-drain voltage V ds = 500 mV. The inset shows the same data on a linear scale. The current is strongly modulated when V g is varied from negative to positive values, showing that both hole-and electron-doping can be readily accessed due to the ambipolarity of WSe 2 .
9,12 The threshold voltage for electron doping is lower than for hole doping indicating that the device is more n-type, as previously observed for WSe 2 FETs on h-BN. 12 The device displays an n-type field-effect mobility of 14. Note that the PP region shows suppressed current for negative bias, whereas there is higher current in the NN region. This is due to slightly nonlinear IV characteristics ( Figure S5 The data is well fitted by the model ( Figure S6 ) and we extract saturation currents I s in the order of 0.1 -1 fA. All diode parameters are listed in Table S1 . Both I sc and V oc increase as the laser power increases. In the inset the magnitude of the generated electrical power P el = V ds ·I ds is plotted against V ds ; for the highest illumination power, P el reaches 170 pW.
In order to calculate quantities as the power conversion efficiency (η PV ), responsivity (R) and external quantum efficiency (EQE) one needs to normalize the incident power by the active area of the device. In recent works, two different conventions have been used: assuming that the entire area of the semiconducting channel is the active area 10 or considering that the active area is the region where the built-in electric field is generated by the PN junction 11 . The second convention is more realistic, but as a good estimate of the lateral size of the PN junction is difficult to achieve, we consider the active area to be the entire semiconducting channel region between the source and drain. Hence, the power conversion efficiency, responsivity and external quantum efficiency values reported here are very conservative lower bounds. The power conversion efficiency is defined as η PV = P el /P in , where P in is the power incident on the active area of the device. For the highest incident power in Figure 2b we calculate η PV ≈ 0.01%. A higher value (≈ 0.5%) has previously been reported, however here it was assumed that that the power conversion takes place in the intrinsic (ungated) device region. 11 Using the same definition, we obtain a value of 0.14%. The inset shows the electrical power P el generated by the device, calculated as P el = V ds ·I ds . The maximum electrical power generated is around 170 pW. (c) Open-circuit voltage (V oc , left axis, red squares) and short-circuit current (I sc , right axis, black circles) against power density P, extracted from the data in (b). I sc follows a linear dependence on the power (linear fit, black line), whereas V oc follows a logarithmic dependence (logarithmic fit, red line).
In an ideal solar cell, I sc depends linearly on the illumination power density (P) and V oc depends logarithmically on P due to the exponential shape of the IV characteristic. In Figure 2c , V oc (left axis, red squares) and I sc (right axis, blue circles) are plotted against P. The good agreement with the fitted curves (black line, linear fit to I sc ; red line, logarithmic fit to V oc ) confirms that the photocurrent generation in PN configuration is dominated by the photovoltaic effect. Since I sc is linearly dependent on P, we extract the responsivity R = I sc /P in . This yields R = 0.24 mA/W, which is the responsivity of the PN junction at zero bias under 640 nm illumination.
The performance of our device, both in dark and under different illumination powers, is comparable to that of recently reported WSe 2 PN junctions. [10] [11] [12] We further characterize the PN junction by studying the photoresponse under different illumination wavelengths and by measuring the response time using modulated light excitation. . 19 Here, the cut-off wavelength is defined as the wavelength above which no photocurrent is measured when the device is biased in PN configuration. The maximum responsivity value measured at V ds = -1 V is 10, 11 From the data in Figure 3a we calculate the external quantum efficiency (EQE) values, given by EQE = I sc /P in ·(hc/eλ), where h, c and e are Planck's constant, the speed of light and the electron charge respectively. The EQE values as a function of wavelength are shown in Figure S8 and reach a maximum of 0.1% at 532 nm illumination. for a few-layer WS 2 phototransistor were reported to be close to 5.3 ms. 25 The response times measured in our study are thus significantly shorter than values for phototransistors based on MoS 2 and slightly larger than a photosensor based on WS 2 . However, more research on response times of other electrostatically defined PN junctions is required to allow a fair comparison.
We now focus on the possible mechanisms which are responsible for the generation of photocurrent in the double-gated WSe 2 device. As theoretically proposed by Song et al., the analysis of 2D gate maps of the photocurrent is a powerful method to identify the different photocurrent generation mechanisms in electrostatically defined PN junctions. 26 The Hence, we find that both photovoltaic and photothermoelectric effects can generate photocurrent in double-gated WSe2 devices. 2D gate maps with above-bandgap illumination show these two effects: current due to the photovoltaic effect is present in the PN and NP configurations and current of photothermoelectric origin appears in the PP configuration. As expected, the magnitude of the photothermoelectric current is smaller in the short channel WSe 2 (small ΔT) than in the long channel (large ΔT). When measuring with below-bandgap illumination (Figure 4c) we do not observe current generated by the photovoltaic effect and only the current of photothermoelectric origin remains. Hence, the analysis of 2D gate maps of the photocurrent (and photovoltage) in combination with above-and below-bandgap illumination provides a powerful method to disentangle the photovoltaic and photothermoelectric effect.
In conclusion, we have fabricated an electrostatically tunable device based on single-layer These results are comparable to recent reports on electrostatically defined WSe 2 PN junctions with similar geometries. In addition, we characterized the photoresponse under different illumination wavelengths and found a maximum responsivity of 0.70 mA/W at 532 nm and a cut- 
Output characteristics of the device
The IV characteristics of the device in different gate configurations is shown in Figure S4 IV characteristics at different linked local gate voltages are shown in Figure S5 . 
which is used to fit the IV curves in PN and NP configurations. The result of the fits is shown in Figure S6 . Table S1 . Extracted diode parameters.
Photoconductance in reverse bias in PN configuration
The IV curves in Figure 2b can be fitted to a linear function in the region V ds < 0, enabling us to extract a resistance R as a function of illumination power ( Figure S7 ). R decreases as P increases, as shown in Figure S7b . As the resistance decreases with increasing P, it can be associated with photoconductivity of the WSe 2 channel. 
External quantum efficiency (EQE) as a function of wavelength
From the data in Figure 3a we calculate the EQE values as a function of wavelength, which is presented in Figure S9 . Figure S8 . EQE as a function of wavelength for the gate-defined WSe 2 PN junction. The EQE reaches a maximum of about 0.1% at 532 nm illumination. The rise and fall times τ rise and τ fall are extracted from seven periods of light excitation ( Figure   S9a ) in order to determine uncertainties. As shown in Figure S5b , the values are the 10%-90%
Determination of response times
rise and fall times. The values for all seven periods are shown in Table S1 . Due to the high resistance of the WSe 2 device (170 MΩ), the response time is limited by the RC bandwidth. We note that the response time of our measurement setup is around 0.2 ms (f 3db = 700 Hz), measured across a 10 MΩ resistor.
V ds = 0 V V ds = -1 V τ rise (ms) τ fall (ms) τ rise (ms) τ fall (ms) 12 Table S2 . Rise and fall times for seven periods of light excitation.
Below-bandgap current measured between the inner leads
A 2D gate map of the photocurrent under below-bandgap illumination (λ = 885 nm, P = 0.72 W/cm 2 ) is shown in Figure S10 . We measure a small (1 pA) photocurrent in the PP configuration Figure S10. 2D gate map of the photocurrent generated under below-bandgap illumination measured between leads 3 and 2 (grounded).
Subtraction of a 2D gate map of the current in dark
Due to leakage for positive gate voltages when measuring between the outer leads, a 2D gate map of the current measured in dark has been subtracted, as shown in Figure S11 . 
Photovoltaic and photothermoelectric power conversion efficiencies
For a quantitative comparison of the power generation by the photovoltaic and the photothermoelectric effect, we consider the maximum power conversion efficiencies η PV,max and η PTE,max (neglecting losses) based on the data in Figure 4b . Here, η max is defined as η max = P el,max /P in , where P el,max = I sc × V oc is the maximum obtainable generated power and P in is the absorbed optical power. For the photovoltaic effect, we assume the power conversion takes place in the single-layer part of the flake, whereas for the photothermoelectric effect, we assume power conversion takes place in the (50 nm) thick part of the WSe 2 flake. We estimate the absorbed optical power through the flake by I = I 0 (1 -exp(-αd)), where α is the absorption coefficient of WSe 2 and d is the flake thickness. From DR spectroscopy measurements performed by Hsu et
